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I. INTRODUCTION

A recently developed computational technique! has been applied to compute the aero-
dynamic roll characteristics of three proposed fin designs for a high length-to-diameter ratio
(L/D) kinetic energy (KE) projectile. These aerodynamic parameters include the roll pro-
- ducing moment, the roll damping moment, and the equilibrium spin rate, defined as the
spin rate for which the net roll moment is zero. These aerodynamic parameters have been
determined by computing the flow ficld about the projectile using the Parabolized Navier-
Stokes computational approach. Estimates of these parameters have also been obtained
using engineering approaches.

Schematics of the first two fin designs are shown in Figures 1 and 2. Both of these fin
designs have beveled trailing edges to produce roll. The third fin design is nearly identical
to the second fin design except that the fins are canted with respect to the projectile body
as shown in Figure 3. The third fin design also has no beveled trailing edge, since the roll is
produced by the fin cant. The fin geometries of the first two fins were completely specified
by the projectile designer. For the third design, the fin cant angle was not specified before
the start of the computations, but rather the computational approach was used to deter-
mine the appropriate cant angle to yield a range of spin rate specified by the projectile
designer. It is believed that this represents the first application of computational aerody-
namics within the US Army ballistics community where aspects of the projectile geometry
were determined using a three-dimensional Navier-Stokes computational approach.

To date, range firings of the second fin design have been performed and roll tra jectories
have been measured. The roll producing and roll damping moment coefficients and the
equilibrium spin rate have been reduced from the range measurements and comparisons
are made with the computational results.

In this report, the equation of motion for a projectile undergoing pure rolling moment
is briefly discussed in the next section. The computational and engineering estimation
techniques used to predict the roll characteristics are briefly presented in the following two
sections. Presentation and discussion of the results obtained by applying these techniques
to the three fin designs of interest is made in Section V.

II. THE ROLL EQUATION

Aero-ballisticians describe the spin history of the projectile in terms of the following
ordinary differential equation?;
dp 1
T = 5P0eMeDS,(Cy (1)

where p is the spin rate, t is time, I is the transverse moment of inertia, C; is the net
aerodynamic roll moment coefficient acting on the projectile, and p,,, ae, My, D, and

Sres are respectively the reference density, speed of sound, Mach number, diameter, and
area.

The net aerodynamic roll moment is composed of two components, the roll producing

1
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moment and the roll damping moment. The roll producing moment, which induces spin
on the projectile, results from the aerodynamic loads produced by either the machined
asymmetries in the fin geometry or by the fin cant, while the roll damping contribution
consists of pressure and viscous forces that oppose the spin. The relationship of these
contributions to the net aerodynamic roll moment is expressed below in non-dimensional
form, D
p

Vv (2)
where C}, is the roll producing moment coefficient, C;, is the roll damping moment coef-
ficient and 2‘5—) is the non-dimensional spin rate. The roll damping coefficient will differ in
sign with the roll producing moment coefficient and if the direction of positive roll moment

is in the same direction as positive spin, the roll damping coefficient will have a negative
value.

C=C,+ C[P

For the case of the canted fin, the roll producing moment usually shows a linear
variation with cant angle as expressed below,

Ci, = C,6 (3)

where § is the fin cant angle and C|, is the slope of the roll producing moment coefficient
with respect to cant angle.

As is suggested in Equation 2, the roll producing moment can be obtained by com-
puting the net aerodynamic roll moment at zero spin rate, while the roll damping moment
is obtained by computing the net aerodynamic roll moment on the projectile at a fixed
spin rate, subtracting the roll producing moment from it and dividing by the spin rate.
The equilibrium spin rate, which occurs when the net aerodynamic roll moment is zero, is
obtained by determining the absolute value of the ratio of the the roll producing moment
to the roll damping moment.

III. COMPUTATIONAL APPROACH

Computation of the viscous flow field about the finned projectile configurations was ac-
complished by solving the thin-layer Navier-Stokes equations using the Parabolized Navier-
Stokes technique3. The computations have been performed in a novel rotating coordinate
frame which rotates at the spin rate of the projectilel. The fluid flow relative to the ro-
tating coordinate frame does not vary with time, allowing the steady (non-time varying)
Navier-Stokes equations to be applied. The solution of the steady Navier-Stokes equa-
tions can be performed at a reasonable computational cost. In order to implement the
rolling coordinate frame, the governing equations have been modified to include the effect
of centrifugal and Coriolis forces. The steady thin-layer Navier-Stokes equations are shown

below. OE OF oG oG
~+—+——+S+H= -
2 T ta TOHT =3¢

Here, E, F, and G are the inviscid flux vectors, G, is the viscous flux vector, S and S,
are inviscid and viscous source terms due to the cylindrical coordinate formulation, and

+ S, (4)
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H is the source term containing the Coriolis and centrifugal force terms which result from
the rotating coordinate frame. Each of these matrices are functions of the dependent
variables represented by the vector g(p, pu, pv, pw,€), where p and e are the density and
the total energy per unit volume, and u, v, and w, are the velocity components in axial,
circumferential, and normal directions. The pressure, p, can be related to the dependent
variables by applying the ideal gas law. The inviscid terms are shown below.

pU pV pW
pulU + &:zp puV + nzp puW + (zp
E = % poU F = —}- pvV +nep/r | G= % pvW + (op/T (5)
pwlU pwV + n.p pwW +(,p
(e +p)U (e+p)V (e + p)W
pw 0
puw 0
S=- 2pvw H=3 2Qpw (6)
p(w? — v?) —2Qpv — Q¥rp
(e + p)w -Q%rpv

Further details regarding the governing equations can be found in Reference 1.

The thin-layer equations are solved using the Parabolized Navier-Stokes technique of
Schiff and Steger3. Improvements to the technique have been made by Rai, et al.4. These
improvements have increased the robustness and the efficiency of the code and allowed
application to complex configurations such as finned projectiles. Following the approach
of Schiff and Steger, the governing equations, which have been modified here to include the
Coriolis and centrifugal force terms, are solved using a conservative, approximately fac-
tored, implicit finite-difference numerical algorithm as formulated by Beam and Warming®.
A single calculation (one Mach number, one spin rate) required approximately one hour
on a Cray-2 supercomputer.

IV. ENGINEERING ESTIMATION APPROACH

1. Estimation of the Roll Damping of a KE Fin

One approach for estimating the roll damping of a KE fin is to use a strip theory
approach, breaking the fin planform into many small strips. Each strip is assumed to be a
two-dimensional flat plate at angle of attack, where the local angle of attack is a function of
the local circumferential velocity due to the spin and the axial component of the velocity.
The roll moment is then determined by integrating the lift on each strip multiplied by
the local moment arm. Note that sign of the roll moment will be negative since the roll
moment opposes the spin. The roll damping moment, which is the variation in the roll
moment with spin, can be determined by dividing the roll moment by the non-dimensional
spin rate, since roll moment on the flat plate fin will be zero at zero spin rate. In the
current approach, the lift on each strip is determined from linearized potential theory.




The resulting equation for the roll damping moment coefficient is shown below,
— reip/ D
16mea / C(T/D) < ) d (r_) (7)
x /Mz — 1 Jrroa/D D D

where Ny, is the number of fins, ¢(r/D) is the local chord length at the nondimensional
radial position r/D, and r, and ry, are the radial distances to the fin root and fin tip.

2. Estimation of the Roll Producing Moment on a Canted Fin

The approach used to estimate the roll producing moment on a canted fin parzels
the approach used to compute the roll damping moment. Strip theory is again applied,
and the fin is treated as a two-dimensional flat plate at angle of attack, where the angle
of attack is the equal to the cant angle, §. The roll producing moment is determined by
integrating the lift on each strip multiplied by the local moment arm. As before, the lift on
each strip is determined from linearized potential theory. The resulting integral expression
for the roll producing moment coefficient is shown below.

= i [0 (5)4(5) .

3. Estimation of the Roll Producing Moment on a Beveled Fin

The roll producing moment caused by the machined asymmetry on the trailing edge
of the fin can be estimated using simple compressible flow theory. Since the trailing edge of
the fin is machined at a constant slope, this region can be treated as an inverted wedge and
the equations for Prandtl-Meyer flow can be applied to compute the pressure difference
across on the trailing edge bevel. The roll producing moment can be computed by obtaining
the product of the pressure difference, the bevel area, and the distance from the projectile
axis to the centroid of the area. The roll producing moment coefficient is expressed below.

me:(Ap/poo)AZ (9)
Here, A is the bevel area, Z is the distance from the projectile axis to the centroid

of the area, v is the ratio of specific heats, and Ap/p., is the pressure difference non-
dimensionalized by the freestream static pressure.

C, =

V. RESULTS

Computations have been performed to determine the following aerodynamic param-
eters which determine the roll characteristics of the three fin designs: the roll producing
moment, the roll damping mownent, and the equilibrium spin rate. ‘The computations were
performed over a range of Mach numbers (M = 3.0 to 5.0) and spin rates (0 to 15 degrees




per meter) for free-flight (sea-level) atmospheric conditions. In the computations, each fin
design was mounted on a high L/D cone-cylinder forebody. The half angle of the conical
nose was eight degrees. The results for each fin configuration are discussed separately in
the flowing three sections.

1. Fin Configuration 1

Predictions of both the roll producing moment coefficient and roll damping moment
coefficient as a function of Mach number are shown in Figures 4 and 5, respectively. Both
the PNS predictions and the predictions made using the engineering estimation procedure
show similar trends for both of the aerodynamic coefficients. Compared to the PNS com-
putations, the engineering approach over-predicts the roll producing moment by up to 31
percent and roll damping moment by as much as 41 percent. This over-prediction results
because of the approximations made in the engineering approach, which neglects effects
such as three-dimensional flow effects, tip effects, and viscous effects. Further discussion
is available in Reference 1.

The equilibrium spin rate as a function of Mach number is shown in Figure 6. As
discussed previously, the equilibrium spin rate is defined as the spin rate for which the
net roll moment is zero. Both approaches show an increase in the equilibrium spin rate
with decreasing Mach number, though the spin rates predicted by the PNS approach show
a greater variation with Mach number. (The trends shown here will be reversed if the
spin rate is shown in revolutions per second (RPS) since the spin rate in RPS can be
obtained by multiplying the spin rate in degrees per meter by a constant times the Mach
number.) The maximum difference between the two predictions of equilibrium spin rate
was 17 percent.

2. Fin Configuration 2

The second fin configuration, shown in Figure 2, has fin trailing edges which extend
past the base of the projectile. The computational approach applied here cannot model
this aspect of the configuration. Instead, the base of the projectile was extended so that
the base of the projectile was aligned with the trailing edge of the fins. The modeled
configuration, referred to as the extended body configuration, is shown schematically in
Figure 7. The engineering approach, which is more flexible but more approximate, has

been applied to both the actual configuration and the modeled configuration to assess the
differences in the aerodynamic coefficients.

The prediction of the roll producing moment coefficient as a function of Mach number
is shown in Figure 8. Again, the trend predicted by the computational and engineering
approaches is similar. For the extended body configuration, the engineering approach over-
predicts the roll producing moment coefficient by as much as 33 percent compared with the
computational results. The engineering approach predicts that the *ll producing moment
of the actual configuration is four percent less than the extended k-dy configuration, due
to the decreased roll producing surface area of the actual configuration.




The predicted variation of the roll damping moment coefficient as a function of Mach
number is shown in Figure 9. The engineering approach predicts very little difference in the
roll damping of the actual and extended body configurations. Between Mach 4 and Mach 3,
the computational and engineering approaches show similar variation with Mach number,
though the magnitude of the engineering approach results is larger than the computational
results. Below Mach 4, the computational results show less of an increase with decreasing
Mach number than does the engineering approach. This behavior can be attributed to
tip effects which become more pronounced at lower Mach numbers. The computational
results exhibit this behavior because tip effects are inherently included. The engineering
approach, as currently formulated, does not include tip effects.

Further evidence of the tip effects can be seen in Figure 10. This figure shows the local
cumulative value of the roll damping moment coefficient as a function of Mach number
for several intermediate axial locations on the fin. The local cumulative value of the roll
damping moment coefficient is defined as the integrated value of the roll damping from
the nose of the projectile to the stated axial location. The five curves shown correspond
to axial locations which are 1.68, 2.79, 3.35, 3.91, and 4.48 calibers from the beginning of
the fins. The axial location of 4.48 calibers corresponds to the trailing edge of the fins. As
shown in Figure 11, the first three axial locations correspond to the axial locations where
the fin has a delta planform; while the last two locations correspond to axial locations
where the fin has reached it’s maximum span. On the delta portion of the fin, the roll
damping coefficient shows an asymptotic variation with Mach number. At the last two
axial stations, the non-asymptotic behavior of the roll damping coefficient caused by tip
effects is evident with the effect becoming more pronounced with increasing distance from
the initial location where the fin reaches it’s maximum span.

The equilibrium spin rate as a function of Mach number is shown in Figure 12. The
computed results again show more of a variation with Mach number than does the engi-
neering approach. Below Mach 4, the computed results show a change in the Mach number
variation. This change is due to the decrease in the roll damping caused by tip effects. For
the extended body configuration, the maximum difference between the predictions of equi-
librium spin rate was 36 percent though the agreement in the vicinity of the launch velocity
1s much better. The engineering predictions show a 3.5 percent difference in equilibrium
spin rate between the actual and extended body configurations.

At the time this report was written, 20 rounds with the second fin design had been
fired through the Ballistic Research Laboratory Transonic Range. The launch Mach
number of the rounds varied between 2.7 and 5.0. The free-flight motion of the rounds was
measured including the spin rates at two stations along the trajectory. Spin rates were
measured using spin card arrays. Using the closed form solution? of the roll equation, a
spin trajectory was fit through each of the rounds. Since rounds fired from a smooth-bore

gun typically have nearly zero initial spin rate, the initial spin rate was assumed to be
zero.

The cowparison of the predicted and experimentally determined variation of the equi-
librium spin rate with Mach number is shown in Figure 13. A fairly significant amount of
scatter in the range data is observed. At this time, the source of the scatter has not been
identified. It is thought that the scatter is real, since the equilibrium spin rate obtained
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from the data reduction is close to the value measured at the second spin card array. It is
unlikely that the measurement of the spin rate from the spin card array would completely
account for the scatter. The PNS predictions fall within low end of the scatter of the
experimental data and appear to follow the Mach number trend shown in the range data.

Figures 14 and 15 show the predictions of the roll producing and roll damping moment
coefficients as a function of Mach number compared with the results obtained from the
range firings. The computed roll producing moment coefficient falls within the scatter of
the range data. The range data appear to show the same variation with Mach number
exhibited by the computed results. The computed roll damping moment coefficient also
falls within the scatter of the range results though the computed results do lie about 20
percent above the center of the range data scatter.

Roll trajectories were obtained using the computed aerodynamic coefficients and com-
parisons made with the range measurements obtained from the two spin card arrays. Six
trajectories were computed corresponding to the six groups of launch Mach numbers. The
comparisons of the computed and range measured spin rates at the second station are
well represented by the previously presented plot of steady-state spin rate. The computed
results at the first station, located at a position were the projectile had reached 60 to 70
percent of the steady-state roll rate, fell within the scatter of the range data. Sixty-five
percent of the range data measurements at this location were within 10 percent of the
computed value.

3. Fin Configuration 3

The third fin configuration resembles the second fin configuration except that the fin
is canted to produce roll. The cant angle of the fin was not specified before the start of
the computations; but rather, the computations were used to determine the cant angle for
a desired range of the equilibrium spin rate, specified to be between 12 to 14 degrees per
meter (about 60 to 70 revolutions per second at Mach 5).

Because the trailing edges of the fins overhang the base, the computational approach
requires that the configuration be modeled as an extended body as was done for the second
fin configuration.

In order to determine the fin cant angle which would produce the desired range of
equilibrium spin rate, computations were performed for two different cant angles, 0.2 and
0.4 degrees. Predictions of the roll damping moment coefficient and slope of the roll
producing moment coefficient with cant angle were obtained. Determination of these two
coefficients then allowed the appropriate cant angle to be selected using Equations 1 - 3.

The predicted variation of the roll damping moment coefficient as a function of Mach
number is shown in Figure 16. The predictions of the roll damping coefficient are similar
to the values predicted for the second fin configuration, due to the similarity of the fin
planforins. The difference between the computed roll damping coefficients of the second
and third fin configurations varied between one and five percent. This difference, verified
by computation, was mainly due to the trailing edge bevel, which was present on the second




fin configuration and not on the third fin configuration. The computed results also show
essentially no variation in the roll damping due to cant angle. The engineering estimate
of the roll damping for the third fin design is identical to the second.

The prediction of the slope of the roll producing moment coefficient with cant angle as
a function of Mach number is shown in Figure 17. The computed results demonstrate that
the roll procucing moment coefficient varies linearly with cant angle over the range of cant
angles examined. Compared with the computed results, the engineering estimate shows a
40 to 85 percent overprediction of the roll producing moment coefficient. The engineering
predictions show less than a one percent difference in the roll producing moment between
the actual configuration and the extended body configuration.

For this fin geometry, both the roll damping moment coefficient and the roll producing
moment coefficient show a slowing in the rate of increase with decreasing Mach number
due to tip effects. The roll producing moment coefficient for this configuration shows tip
effects because the entire fin is a roll producing surface. On the second fin configuration
this effect was absent since only a small length of the fin produces roll, and correspondingly,
the area affected by tip effects is quite small.

Based on the computed results, it was determined that a cant angle of 0.4 degrees
would yield the appropriate range of spin rate. The equilibrium spin rate as a function of
Mach number for a cant angle of 0.4 degrees is shown in Figure 18. For this particular
configuration, the computed results show a small decrease in the spin rate with decreasing
Mach number, a trend which is somewhat different than that shown for the beveled fins.
The PNS approach predicts a spin rate which is about 1.5 to 2.5 degrees per meter less
than the engineering approach. The engineering approach shows no variation with Mach
number. This is because in the engineering approach, both the roll producing moment
coefficient and roll damping moment coefficient have the identical variation with Mach
number, {/MZ — 1. Since the equilibrium spin rate is obtained from the ratio of these two
coefficients, there should be no variation of the equilibrium spin rate with Mach number

according to this simple theory. The engineering predictions show almost no difference in
equilibrium spin rate between the actual and extended body configurations.

VI. CONCLUSION

The roll characteristics of three fin designs for a high length to diameter ratio kinetic
energy projectile have been determined using a recently developed Computational Fluid
Dynamics (CFD) approach. The roll characteristics of each of these designs have also been
predicted using engineering estimation approaches.

The roll characteristics of the first two fin designs were predicted for a completely
specified fin geometry. For the third fin design, the computational approach was applied
to determine the appropriate cant angle to yield a desired range of equilibrium spin rate.
Although Computational Fluid Dynamics approaches have previously provided useful in-
formation to the projectile designer, the current results represent the first CFD application
within the US Army ballistics community where aspects of the projectile geometry were




determined using a three-dimensional Navier-Stokes computational approach.

For the second fin design, comparisons of the computed aerodynamic coefficients and
equilibrium spin rates with the values obtained from the range firings show that the com-
putational results fall within the scatter of the range data. These comparisons provide
some degree of validation for the reported computational technique. From the standpoint
of additional benchmarking of the computational approach, it would be desirable to have
more accurately determined roll trajectories from the range firings. This might be accom-
plished by simply placmg additional spin card arrays along the portion of the trajectory
where the projectile is spinning up.
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LIST OF SYMBOLS

freestream speed of sound

area of trailing edge bevel

local chord length of fin

roll moment coefficient

roll producing moment coefficient

roll damping moment coefficient

slope of the roll producing moment coefficient with cant angle
projectile diameter

total energy per unit volume

flux vectors in transformed coordinates

viscous flux vector in transformed coordinates

source term resulting from rotating coordinate frame

moment of inertial

jacobian

freestream Mach number

number of fins

pressure, as used in thin-layer Navier-Stokes equations

spin rate, as used roll equations and aerodynamic coefficients
nondimensional spin rate

freestream static pressure

radial coordinate 4

inviscid source term resulting from the cylindrical coordinate formulation
reference cross sectional area of projectile

viscous source term resulting from cylindrical coordinate formulation
time

axial, tangential, and normal velocity components of the Navier-Stokes equations
Contravariant velocities of the transformed Navier-Stokes equations
freestream velocity used to non-dimensionalize the spin rate and

the aerodynamic coefficients

distance from fin leading edge

distance from projectile axis to centroid of area of trailing edge bevel

Greek Symbols

a(r)
y

)

Ap
€n,¢
p

Poo
Q

local angle of attack

ratio of specific heats

fin cant angle

pressure difference across fin
transformed coordinates
density

freestream density

spin rate of projectile
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